Molecular stability of chemically modified collagen triple helices  by Giudici, Camilla et al.
Molecular stability of chemically modi¢ed collagen triple helices
Camilla Giudici, Manuela Viola, M. Enrica Tira, Antonella Forlino, Ruggero Tenni
Dipartimento di Biochimica ‘A. Castellani’, University of Pavia, via Taramelli 3b, 27100 Pavia, Italy
Received 5 February 2003; revised 1 May 2003; accepted 20 May 2003
First published online 26 June 2003
Edited by Thomas L. James
Abstract Ionic residues in£uence the stability of collagen triple
helices and play a relevant role in the spontaneous aggregation
of ¢brillar collagens. Collagen types I and II and some of their
CNBr peptides were chemically modi¢ed in mild conditions with
two di¡erent protocols. Primary amino groups of Lys and Hyl
were N-methylated by formaldehyde in reducing conditions or
N-acetylated by sulfosuccinimidyl acetate. The positive charge
of amino groups at physiological pH was maintained after the
former modi¢cation, whereas it was lost after the latter. These
chemical derivatizations did not signi¢cantly alter the stability
of the triple helical conformation of peptide trimeric species.
Also the enthalpic change on denaturation was largely unaf-
fected by derivatizations. This implies that no signi¢cant varia-
tion of weak bonds, either in number or overall strength, and of
entropy occur on modi¢cation. These properties can probably be
explained by the fact that chemically modi¢ed groups maintain
the ability to form hydrogen bonds.
( 2003 Published by Elsevier Science B.V. on behalf of the
Federation of European Biochemical Societies.
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1. Introduction
Fibrillar collagens, abundant and essential in the extracel-
lular matrix of connective tissues, are characterized by the
assembly of three polypeptide chains (K chains) to form
trimers with triple helical conformation and by the supramo-
lecular assembly of trimers to ¢brils and ¢bers [1,2].
The triple helix is formed by three interwoven K chains,
each adopting a polyproline II-like helix. This assembly is
the direct consequence of the primary structure characterized
by the repetition of Gly-X-Y triplets. The side-chain hydrogen
atom of Gly is hidden in the core of the triple helix, whereas
the side chains of residues X and Y are on the surface and
accessible to solvent and other molecules, X residues more
than Y residues [3]. The sources of stability in the mammalian
triple helix are interchain hydrogen bonds involving the back-
bone and a large content of cyclic amino acids proline and
hydroxyproline, with a particular relevance for the Hyp hy-
droxyl group (review in Privalov [4] ; recent ¢ndings in [5,6]).
The other, non-cyclic residues modulate the stability. A com-
plete scale of amino acid propensity for triple helix formation
has recently been determined in a system where each amino
acid occurs in X or Y position of a X-Hyp-Gly or Pro-Y-Gly
guest triplet in the core of the (Gly-Pro-Hyp)8 host peptide; a
moderate correlation of this scale with frequency of occur-
rence in collagens was found [7]. Ionic residues are abundant
in ¢brillar collagens, about 17% of all residues; in collagens
I^III, Arg and Lys occur preferentially in Y position (more
than 80% and 65%, respectively), Glu in X position (V90%)
[8]. When compared to triplet Pro-Hyp-Gly in the model host
peptide cited above, all ionic residues in X position of the
guest triplet X-Hyp-Gly are among the less destabilizing ami-
no acids; Arg in Y position of Pro-Arg-Gly is stable as Pro-
Hyp-Gly [7]. As a consequence, variation of stability along the
triple helix is expected. This was empirically calculated by
Ba«chinger and Davis [9]. Recent ¢ndings indicate that type I
collagen is thermally unstable at body temperature and sug-
gest that micro-unfolding of the least stable domains would
trigger self-assembly of ¢bers that protect collagen helices
from unfolding [10].
Recent studies on crystals of two collagenous peptides
(named EKG and T3-785) showed that the ionic groups of
Glu and Lys in EKG peptide display direct interactions with
backbone carbonyl (and eventually with other groups such as
Hyp hydroxyl) or interactions mediated by water molecules
instead of forming ion pairs, notwithstanding these are stereo-
chemically possible [6] ; arginine residues in T3-785 peptide
have similar characteristics [11]. At present it is unknown if
these structural characteristics also hold in aqueous solution.
A preliminary indication suggests that, in some cases, inter-
actions in solution between ionic side chains within the triple
helix do not occur [12].
This demonstrates that ionic residues play relevant roles in
collagen structure. They are also responsible for organization
at higher levels, such as for spontaneous ¢bril formation and
periodicity of ¢brillar collagens [13], or for interactions of
collagens with at least some of their ligands. We might there-
fore expect that chemical modi¢cations of charged residues
in£uence the stability of the triple helical conformation and
collagen interactions. Here we report the determination in
physiological and acidic conditions of the e¡ects on triple
helical stability of two types of derivatization performed
with mild protocols, namely N-methylation and N-acetylation
of Lys/Hyl O-amino group of collagens I and II and some of
their CNBr peptides. We have recently shown that decorin^
collagen interactions are in£uenced by the same modi¢cations
[14].
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2. Materials and methods
2.1. Collagens and their CNBr peptides
Acid-soluble type I collagen from bovine skin and its CNBr pep-
tides were prepared and characterized, as described in [15^18]. Pepsi-
nized type II collagen was puri¢ed from bovine nasal septum, essen-
tially as described in [19]. CNBr peptides from collagen II were
puri¢ed essentially following the procedures used for peptides from
type I collagen, by means of a combination of gel ¢ltration chroma-
tography followed by ion-exchange chromatography or by reverse-
phase chromatography for the two smaller peptides.
All collagenous samples were analyzed by means of a quantitative
Hyp assay [20] after acid hydrolysis in 6 M HCl at 106^108‡C for 22^
24 h, gel electrophoresis in denaturing conditions [21] and gel staining
with Coomassie brilliant blue R250, and N-terminal sequencing for
some peptides.
Analytical gel ¢ltration chromatography in denaturing conditions
was performed, essentially as described in [15], on a Superose 6 col-
umn equilibrated and eluted at room temperature and low £ow rate
(0.2 ml min31) with 50 mM acetic acid, 500 mM NaCl. Peptides were
dissolved in 0.1 M acetic acid at 4‡C. Aliquots containing 50^100 Wg
were supplemented with one-tenth volume of 0.1 M acetic acid, 5 M
NaCl, and denatured for 3 min at 60‡C just before the analysis.
Circular dichroism (CD) spectroscopy and determination of melting
pro¢les were performed in a neutral bu¡er composed of 132 mM
NaCl, 1.5 mM NaH2PO4, 8.1 mM Na2HPO4, 1 mM EDTA,
1.5 mM NaN3, pH 7.5, with the procedure we have used in the
past [18]. Brie£y, solutions of collagens and peptides were prepared
by dissolving dry samples in 0.1 M acetic acid at 1^1.5 mg ml31 and
equilibrated at 4^5‡C for v 7 days; after clari¢cation by centrifuga-
tion, the concentration was determined by means of a Hyp assay [20].
Aliquots of the acidic solutions were freeze-dried, redissolved in the
neutral solution reported above (at 80 Wg ml31 for spectra recording
or 500 Wg ml31 for the determination of melting pro¢les) and equil-
ibrated for v 7 days at 4^5‡C. All solutions were clari¢ed by centri-
fugation immediately before CD analysis. Melting pro¢les were deter-
mined on collagenous samples by following the CD signal at 221 nm,
starting at 0^4‡C and increasing the temperature in steps of 1‡C every
8 min (the average heating rate is therefore 7.5‡C h31). Data points
at each temperature were taken from the average CD signal over the
last 1 min of the 8 min period. In some instances, 0.1 M acetic acid
was used as solvent. The sample concentration was again checked
after CD analysis by means of the cited quantitative Hyp assay.
Thermodynamic data relative to denaturation pro¢les were deter-
mined, within the framework of the two-state model for trimerCmo-
nomer transition [4], with a classical van’t Ho¡ treatment of the de-
naturation curve. Melting temperatures and van’t Ho¡ enthalpies
(vH0) were obtained by best ¢tting of experimental data, vS0 and
vG0 calculated from the two former parameters, with the mathemat-
ical procedure of Engel et al. [22]. In some detail, CD data at each
temperature and total molar concentration of chains in the collagen
sample (c0 in the equations below) were utilized to sequentially com-
pute: (i) mean residue ellipticities at each temperature a(T) ; (ii) the
contribution to total ellipticity by the trimeric and monomeric forms,
atrimer and amonomer(T) respectively; the former is constant, whereas
the latter is temperature-dependent; (iii) the fraction folded as the
fraction of collagen chains in the folded triple-helical state; the frac-
tion folded at each temperature F(T) was calculated with the equa-
tion:
FðTÞ ¼ a ðTÞ3amonomerðTÞ
a trimer3a monomerðTÞ
(iv) the melting temperature Tm, as the temperature at fraction
folded= 0.5; (v) Keq(T), the equilibrium constant of the transition ‘1







(vi) van’t Ho¡ enthalpy, vH0, obtained by curve-¢tting from the
van’t Ho¡ equation:















(viii) vG0, computed at 298 K with the equation: vG0 =vH03TvS0.
Estimated uncertainties are 0.3^0.4‡C for melting temperature
[18,7], 15% for vH0 and vS0, 5% for vG0 [22].
2.2. Chemical modi¢cation of collagens and CNBr peptides
Chemical derivatizations have been performed with three di¡erent
methods, all involving the primary O-amino group of lysine and hy-
droxylysine side chains (Fig. 1). All derivatized samples have been
analyzed for purity and conformation as described above.
N-methylation. A literature protocol involving formaldehyde in re-
ducing conditions for the presence of NaBH3CN was used [23]. The
incubation with HCHO/NaBH3CN was performed for 2 h at room
temperature followed by 12^18 h at 4‡C. The samples were then
dialyzed against 0.1 M NaCl and then against 0.1 M acetic acid,
clari¢ed by centrifugation, freeze-dried and stored at 380‡C.
N-acetylation with acetic anhydride. The protocol of Davis et al.
[24] was used. Brie£y, 5^10 mg of collagenous samples was suspended
in 10 ml of 0.5 M borate bu¡er, pH 8.5, by stirring overnight. The
derivatization was performed in an ice bath by adding 330 Wl of acetic
anhydride. The addition of acetic anhydride was repeated three times
at intervals of 30 min. The pH was maintained constant under the pH
meter by additions of aliquots of 5 M NaOH. These harsh conditions
introduce artifacts (see Section 3). After derivatization, the samples
were dialyzed against 0.1 M acetic acid, centrifuged and freeze-dried
as N-methylated samples.
N-acetylation with sulfosuccinimidyl acetate (SNHSAc). The reac-
tion conditions with SNHSAc are mild. Operating at 4‡C, collagenous
samples (5^15 mg) were suspended overnight in 10 ml of 0.5 M borate
bu¡er, pH 8.5. Solid SNHSAc (Pierce) was quickly dissolved at
10.4 mg ml31 (40 mM) in 10 mM acetate bu¡er, pH 5.4^5.6, imme-
diately before its subsequent use. SNHSAc solution was added under
vigorous stirring to the collagen samples in order to have a 10:1 molar
ratio between SNHSAc and primary amino groups. Derivatization
was allowed to proceed overnight. Derivatives were then dialyzed,
centrifuged and freeze-dried as above.
The degree of Lys/Hyl modi¢cation was determined by a colorimet-
ric method involving sodium trinitrobenzenesulfonate, essentially as
described in [25], using NK-acetyl-L-lysine as standard.
3. Results
3.1. Modi¢cation and analysis of collagens and peptides
Type I and type II collagens, as well as some of their CNBr
peptides, were chemically derivatized with di¡erent protocols
involving the primary amino group of Lys and Hyl side chains
and of the N-terminal end. N-methylation was performed in a
Fig. 1. Scheme of chemical modi¢cations. Primary amino groups of
collagen types I and II and of some of their CNBr peptides were
derivatized as outlined. The scheme reports the forms prevailing at
physiological pH. A mixture of N-mono- and N-di-methyl deriva-
tives is formed with the top procedure (only the latter is shown).
Loss of the positive charge occurs on N-acetylation. Symbols for
the original and modi¢ed samples are reported in parentheses.
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mild procedure by HCHO and a reducing agent (NaBH3CN),
with the formation of mono- and di-methyl derivatives that
maintain the positive charge at physiological pH. N-acetyla-
tion was performed with acetic anhydride or with a milder
procedure using SNHSAc; N-acetylation eliminates the pos-
itive charge (Fig. 1).
A quantitative assay of primary amino groups with sodium
trinitrobenzenesulfonate showed a derivatization extent higher
than 80% for most samples. A lower percentage was found for
type I and II collagens when derivatized with SNHSAc (70
and 76%, respectively) and for two peptides from type II
collagen when treated with acetic anhydride (56% for CB8
and 65% for CB10).
The electrophoretic analysis in denaturing conditions
showed that N-methylated samples have a mobility similar
to their unmodi¢ed counterparts, whereas N-acetylated sam-
ples have a slower electrophoretic migration (Fig. 2). The
protocol involving acetic anhydride introduces artifacts, as
seen by the appearance of new bands of larger size, particu-
larly evident for peptides.
Analytical gel ¢ltration chromatography in denaturing con-
ditions on heat-denatured samples demonstrated slight di¡er-
ences of hydrodynamic size between underivatized and modi-
¢ed samples (Fig. 3). Again, samples treated with acetic
anhydride showed a di¡erent pattern: with respect to the
main peak, there is the presence of molecules of larger and
lower size. This demonstrates that covalent chemical bonds
were broken and also formed during the derivatization, prob-
ably due to the addition of concentrated NaOH in order to
maintain constant pH.
CD spectroscopy in a neutral bu¡er showed that the spectra
of peptides derivatized in mild conditions (samples N-methyl-
ated or N-acetylated with SNHSAc) have an identical pro¢le
with respect to the spectrum of the underivatized counterpart,
di¡erences concerning only the intensity of the positive peak
(Fig. 4); therefore, the derivatized samples are trimers in triple
helical conformation, independently of the maintenance or














Fig. 2. Electrophoretic analysis of modi¢ed collagen samples. Repre-
sentative SDS^PAGE for underivatized and derivatized type I colla-
gen in 6% gels and two peptides in 15% gels. See Fig. 1 for the
symbology of chemical derivatives. The position of bands for K and
L chains (L : two cross-linked K chains) are indicated for type I col-
lagen. Bands due to artifacts introduced by the procedure of N-ace-
tylation with acetic anhydride are indicated by arrowheads. The
amount analyzed was about 1.5 Wg for N0 and Nm samples, whereas
it was two to three times higher for Na and Naa samples because of
their low a⁄nity for Coomassie brilliant blue R250.
Fig. 3. Analytical gel ¢ltration in denaturing conditions. Elution
pro¢les from a Superose 6 column are shown for modi¢ed and un-
modi¢ed samples of two peptides. For the symbology of chemical
derivatives see Fig. 1. For clarity, the four traces in each panel are
o¡set by 0.15 absorbance units. Peaks due to artifacts introduced
by the procedure of N-acetylation with acetic anhydride are indi-
cated by arrowheads. Vt indicates the total elution time or volume.
Fig. 4. CD spectroscopy. CD spectra were recorded in a neutral
bu¡er (pH 7.5) at 30‡C for collagens or at 20‡C for peptides. For
the symbology of chemical derivatives see Fig. 1. Underivatized type
I collagen was not soluble in the bu¡er; no spectrum for it is there-
fore present in the top left panel. For each sample, only a portion
of the spectrum is shown, centered on the positive peak near
221 nm. This positive peak in collagen samples is the index for tri-
ple helical conformation and disappears on denaturation.
FEBS 27452 3-7-03
C. Giudici et al./FEBS Letters 547 (2003) 170^176172
trary, the protocol with acetic anhydride caused a drop of the
221 nm signal (Fig. 4), indicating a loss of triple helical con-
formation. For all these reasons, samples N-acetylated with
acetic anhydride were not further used.
3.2. Thermal stability of trimeric species of derivatized peptides
Melting transitions were determined in neutral conditions
and physiological ionic strength for ¢ve CNBr peptides, by
measuring the 221 nm CD signal at increasing temperatures;
melting pro¢les allowed us to calculate the melting temper-
ature of peptide trimers and the standard change of van’t Ho¡
enthalpy, entropy and free energy of the transition.
The results obtained, in agreement with the literature, show
that the denaturation of the triple helix (trimerCmonomer) is
endothermic and endergonic both in neutral and acidic con-
ditions (Table 1); also vS0 is positive (data not shown).
For each peptide analyzed, melting curves of N-methylated
or N-acetylated samples are largely superimposable with the
pro¢le of the original unmodi¢ed peptide, both for total el-
lipticity and fraction of folded molecules (for an example, see
Fig. 5). Thermodynamic data calculated from melting transi-
tions clearly show for most samples that chemical derivatiza-
tions do not signi¢cantly change the thermal stability of pep-
tide trimeric species in physiological conditions, measured by
melting temperature or by vG0 (Table 1, part A). The largest
variation is shown by K1(II) CB10. Furthermore, the en-
thalpic change on denaturation also is not signi¢cantly af-
fected by chemical derivatizations for almost all samples (Ta-
ble 1, part A). As noted in the past by others and us, Tm is
correlated with vG0 and vH0 is correlated with vS0 [18,7].
Collagens type I and II, and other peptides, such as K1(I)
CB8 and K2(I) CB4, were not analyzed because of their low
solubility in the neutral bu¡er we used [18].
We determined the stability of peptides and their derivatives
also at acidic pH in 0.1 M acetic acid. In this condition there
is also no or a low in£uence of chemical derivatizations on the
stability of peptide trimers (Table 1, part B). Furthermore, all
samples have melting temperature and vG0 lower than at
neutral pH; it is therefore worth noting that the ionization
status of carboxylic groups in£uences the stability more than
the modi¢cations of primary amino groups.
4. Discussion
In the present work we report the in£uence of two di¡erent
chemical derivatizations of collagen Lys/Hyl O-amino group
on the stability of the triple helical conformation. Both mod-
i¢cations have been performed in mild conditions. One mod-
Table 1
Thermodynamic parameters calculated from the melting transition of collagen peptide trimers to monomers, in neutral (A) and acidic condi-
tions (B)a
Peptide Derivatization Tm (‡C) vH0b (kJ mol31) vG0b (kJ mol31)
(A) In neutral conditions
K1(I) CB3 none 31.5 557 64
N-methylation 31.0 511 62
N-acetylation 29.3 461 58
K1(I) CB7 none 33.4 508 69
N-methylation 33.0 537 69
N-acetylation 31.7 490 66
K1(II) CB11 none 27.7 574 63
N-methylation 26.8 590 59
N-acetylation 28.0 606 62
K1(II) CB8 none 27.3 643 57
N-methylation 26.9 642 56
N-acetylation 27.0 682 56
K1(II) CB10 none 30.0 511 69
N-methylation 27.3 478 61
N-acetylation 27.2 514 60
(B) In acidic conditions
K1(I) CB3 none 27.2 553 56
N-methylation 27.5 552 56
N-acetylation 25.7 613 53
K1(I) CB7 none 29.4 594 63
N-methylation 29.6 605 64
N-acetylation 29.7 545 63
K1(II) CB11 none 25.5 446 56
N-methylation 26.0 509 57
N-acetylation 27.1 650 60
K1(II) CB8 none 24.9 593 51
N-methylation 24.5 655 51
N-acetylation 24.4 667 50
K1(II) CB10 none 25.2 538 57
N-methylation 24.7 518 56
N-acetylation 26.2 502 58
aMelting transitions were determined from the 221 nm CD signal at increasing temperatures. The concentration of peptides was 0.5 mg ml31 ;
a lower solubility was found in neutral conditions for underivatized K1(II) CB11, underivatized and N-methylated K1(II) CB10, namely 0.27,
0.19 and 0.38 mg ml31, respectively. For each peptide the table reports the type of derivatization, the value of melting temperature of trimeric
species, the standard van’t Ho¡ enthalpic and free energy changes. The thermodynamic parameters were calculated within the framework of
the two-state model for trimerCmonomer transition [4], with a classical van’t Ho¡ treatment of the denaturation curve and the mathematical
procedure of Engel et al. [22]. Estimated uncertainties are 0.3^0.4‡C for melting temperature [7,18], 15% for vH0 and vS0, 5% for vG0 [22].
bvH0 and vG0 are in kJ (mol of trimer)31.
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i¢cation, N-methylation, preserves the positive ionic charge,
whereas the other, N-acetylation, eliminates it. N-acetylation
was also obtained with acetic anhydride, but in this case the
artifactual products precluded any use.
The main conclusion that can be drawn is that the mild
modi¢cations do not signi¢cantly alter triple helical stability
at physiological pH for most cases and have only a small
e¡ect for the others. This conclusion also holds at acidic
pH. The e¡ect of chemical modi¢cations on triple helical
stability is qualitatively based on the similarity of CD spectra
and melting pro¢les of modi¢ed collagens and peptides with
respect to their unmodi¢ed counterparts (Fig. 4 and 5), show-
ing that modi¢ed samples are in triple helical conformation;
this e¡ect is quantitatively demonstrated by thermodynamic
data from melting pro¢les of ¢ve CNBr peptides (Table 1).
Chemical derivatizations of Lys/Hyl amino groups have a low
or null e¡ect on the stability of modi¢ed peptide trimers, as
indicated by melting temperatures and vG0. Furthermore, the
enthalpic change on denaturation is also largely una¡ected for
almost all cases. Derivatizations therefore cause no or only
slight variations of weak bonds, either in number or strength,
since only weak bonds and no covalent bonds are involved in
the melting of triple helical trimers. It turns out that vS0 is
also una¡ected by modi¢cations, since in our set of data vH0
is highly correlated with vS0. The determinations at acidic pH
con¢rm these results. Interestingly, the variation of ionization
status for carboxylic groups on decreasing the pH has a larger
e¡ect on stability than chemical modi¢cations.
These ¢ndings are the outcome of structural characteristics.
We think that a basic reason explaining our results might be
found in the fact that chemical derivatives maintain the ability
to form hydrogen bonds: potentially, N-methyl derivatives act
as H donors, N-acetyl derivatives are H donors and acceptors
with their NH group and H acceptors also for their CNO
group. Structural data on the crystals of the synthetic peptide
(Pro-Hyp-Gly)4-Glu-Lys-Gly-(Pro-Hyp-Gly)5 showed that
Glu and Lys, instead of forming stereochemically allowed
ion pairs, display direct interactions with backbone carbonyl
or Hyp hydroxyl groups or interactions mediated by water
molecules [6]. In the crystal of a di¡erent peptide (T3-785),
Arg guanidinium groups make direct contacts with backbone
CNO and water-mediated H bonds with other groups [11]. If
this also occurs in solution, chemically modi¢ed groups can
participate in direct or water-mediated H bonding, without
any large di¡erence, with respect to the underivatized samples,
for number or overall strength of weak bonds and for entro-
py.
Reviewing and discussing earlier work, Privalov [4] reported
that the process of denaturational transition of collagen struc-
ture is relatively slow as compared with denaturation of other
proteins, and, more importantly, a real equilibrium cannot be
achieved. The apparent transition temperature strongly de-
Table 2
Comparison between di¡erent chemical derivatizations: e¡ect on thermal stability of the collagen triple helical conformation
Modi¢cation: reaction and consequences Tm (variation on derivatization)
neutral pH acidic pH
CNBr peptides from collagens I and II (this work)a
N-methylation: ^NH2C^NHCH3 and ^N(CH3)2, decreased content of ^NH2 from 30.4 to 32.7‡C from +0.5 to 30.5‡C
N-acetylation (with SNHSAc): ^NH2C^NHCOCH3, decreased content of ^NH2 from +0.3 to 32.8‡C from +1.6 to 31.5‡C
Type I collagen (Rauterberg and Ku«hn [30])b
Esteri¢cation: ^COOHCCOOCH3, decreased content of ^COOH 38.6‡C 35.6‡C
Deamidation: ^CONH2C^COOH, increased content of ^COOH 34.1‡C 33.1‡C
N-succinylation: ^NH2C^NHCOCH2CH2COOH, decreased/increased content
of ^NH2/^COOH
34‡Cc ^
aNeutral solvent: 132 mM NaCl, 1.5 mM NaH2PO4, 8.1 mM Na2HPO4, 1 mM EDTA, 1.5 mM NaN3, pH 7.5. Acidic solvent: 0.1 M acetic
acid, pH 2.9^3.0.
bNeutral solvent: 0.05 M Tris^HCl containing 0.1 or 0.5 M CaCl2, pH 7.4. Acidic solvent: 0.225 M citrate bu¡er, pH 3.7.
cSolvent not speci¢ed, but probably at neutral pH since the sample was reported to precipitate as ¢brils in acidic medium.
Fig. 5. Melting transitions. A: CD signal at 221 nm, recorded at in-
creasing temperatures and plotted as mean residue ellipticity (a). B:
Fraction of chains in the folded triple helical state (fraction folded),
calculated as described in Section 2. The examples reported in both
panels are from melting transitions determined in physiological con-
ditions for peptide K1(II) CB8, before and after N-methylation or
N-acetylation (¢lled circles, ¢lled squares and open triangles, respec-
tively). It is worth noting that the three curves show only slight dif-
ferences.
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pends on the heating rate. Most of the collagen melting ex-
periments have been performed with a temperature gradient at
or near 0.1‡C min31. Recently, Leikin and coworkers stated
that the thermal denaturation of type I collagen is a fully
reversible process and demonstrated an extremely slow equi-
librium kinetics between denatured and native type I collagen;
equilibrium was not reached in scanning calorimetric experi-
ments even at ultra-slow heating rate (0.004‡C min31) [10].
In agreement with this, earlier results we obtained on CNBr
peptides from collagens I and II have shown that: (a) a high
percentage of single-stranded monomeric peptides is able to
form trimeric species, after long standing at low temperature
[15,16] ; (b) repeated denaturation of the trimeric species of
peptide K1(I) CB2 was fully reversible at acidic pH after long
standing at 4^5‡C, as seen by nuclear magnetic resonance
(NMR) spectroscopy; furthermore, the melting transition
curves determined at the level of peptide bonds by CD mea-
surements and for an amino acid side chain by NMR were
superimposable [17] ; (c) by using trypsin at neutral pH, the
trimeric species of CNBr peptides have a half-life of 1.5^4
days at 4‡C and a few hours at 20‡C [15].
On this basis, a true equilibrium was not reached during the
melting experiments described in this article, notwithstanding
the ‘low’ heating rate (an average of 0.125‡C min31), as in
literature experiments. Nevertheless, we think that the low or
null e¡ect of chemical derivatization on thermal stability is a
real e¡ect: on the basis of the above-discussed null or slight
variation on derivatizations of weak bonds in the trimers, it
seems improbable to us that the equilibrium kinetics is signi¢-
cantly slower or faster with respect to the unmodi¢ed counter-
parts. Moreover, we can compare our data with literature
data on the e¡ect of chemical modi¢cations on triple helical
stability.
Several papers described preparation and use of chemically
modi¢ed collagens and peptides for functional studies (see e.g.
[24,26^29]), but none reported the in£uence of chemical mod-
i¢cations on thermal stability of the triple helical conforma-
tion, with the exception of a paper by Rauterberg and Ku«hn
[30]. Some direct comparison with our data is thus possible.
As can be seen in Table 2, the modi¢cations described by
Rauterberg and Ku«hn involved a variation for the content
of carboxylic groups, whereas our derivatizations involved
primary amino groups. Other relevant di¡erences in the pro-
tocols used by Rauterberg and Ku«hn with respect to ours are:
(a) the conditions used in the derivatization, which cannot be
considered mild because they involved either very low or very
high pH (HCl or NaOH at 0.1 M or more); (b) the presence
of calcium ions at 0.1 or 0.5 M in the solvent used for the
melting experiments at neutral pH. Von Hippel and Wong
[31,32] have demonstrated that calcium chloride decreases
the stability of calf skin collagen by 12.8‡C/mol of added
CaCl2 per liter. Furthermore, Ca2þ is a hard acid preferen-
tially interacting with hard bases, such as O- or N-containing
groups. It follows that the decrease of Tm at neutral pH might
be due not only to the modi¢cation itself but also to a con-
tribution brought by the presence of Ca2þ ; the latter contri-
bution may be di¡erent for derivatized samples with respect to
the unmodi¢ed ones because of the altered content of carbox-
ylate groups. From this comparison between the two deriva-
tization types, it follows that, to our knowledge, the data we
present here are the ¢rst reported concerning the direct deter-
mination in physiological conditions (for pH and ionic
strength) of the in£uence of chemical modi¢cations on colla-
gen molecular stability. It also follows that the variation of
the ^COOH content has probably a greater in£uence on ther-
mal stability than the modi¢cation of primary amino groups.
Diamond et al. [33] reported a drop of shrinkage temper-
ature of total insoluble collagen from bovine dermis after
chemical derivatizations modifying the ^COOH content.
However, the protocols used and the thermal transition ana-
lyzed are not directly comparable to ours. Again, it is possible
that the quantitative di¡erences between our and Diamond’s
data depend on the variation of the ^COOH content.
Here, we do not report any binding studies of derivatized
collagens and peptides with self or other extracellular matrix
components, but recent determinations of our group have
shown that decorin^collagen interactions are in£uenced by
the same modi¢cations described here, and that N-methyla-
tion has a diversi¢ed e¡ect on di¡erent collagen samples
[14].
In conclusion, our determinations and data indicate that
chemical modi¢cations of amino groups performed with
mild procedures have no or little in£uence on collagen at
the level of triple helical stability. They also show that reliable
functional studies concerning the e¡ect of derivatizations on
the binding of collagen with self or other macromolecules
need the knowledge of the properties of the samples used;
biochemical control experiments are thus required, such as
veri¢cation of side reactions in the modi¢cation protocols
with the formation of unwanted molecules, and direct analysis
of triple helical stability.
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